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Abstract
This thesis examines the performance of dense antenna arrays in Multi-Input 
Multi-Output (MIMO) systems. An N-element antenna array is regarded as an N-port
network with non-vanishing off-diagonal elements in the network parameter matrices, 
for example, the scattering parameter matrix. A modal expansion is then used to 
express the matrix in terms of mutually orthogonal eigenmodes. To facilitate the 
simultaneous removal of signal correlation and gain reduction due to the cross-talk, an 
approach, which employs an RF decoupling network at the array ports, is proposed. 
To verify the theory, a practical design of a novel, compact, four-port, dual-polarized 
aperture-coupled patch array with decoupling network is presented and tested. This 
antenna would be attractive for WLAN applications with limited antenna platforms 
such as PDAs, smart phones or laptop computers, where element spacing is 
significantly smaller than half a wavelength. 
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Summary
While conventional smart antennas improve the quality of one single data stream, 
a new multi-antenna technology known as Multi-Input Multi-Output (MIMO) offers 
multiple independent transmission channels, resulting in a channel capacity that 
increases linearly with the number of antenna elements. In a MIMO system, both the 
transmitting end and the receiving end are equipped with multiple antenna elements 
and space-time processing techniques are employed to improve the bit error rate and 
data rate. One problem arising in the practical implementation of MIMO systems is 
that the size and number of antenna elements are limited by the fixed volume of 
mobile stations such as PDAs, smart phones or laptop computers. This results in dense 
arrays with element spacing significantly smaller than half a wavelength. This in turn 
causes problems related to the correlation between signals of the transmission 
channels. Dual polarization is a promising approach to achieve uncorrelated signals. 
However, the gain reduction arising from mutual coupling between radiating elements 
still impairs the successful utilization of polarization diversity within a compact 
MIMO system.  
This thesis examines the performance of dense antenna arrays in MIMO systems. 
An N-element antenna array is regarded as an N-port network with non-vanishing 
off-diagonal elements in the network parameter matrices, for example the scattering 
parameter matrix. A modal expansion is then used to express the matrix in terms of 
mutually orthogonal eigenmodes. To facilitate the simultaneous removal of signal 
iii
correlation and gain reduction due to the cross-talk, an approach, which employs an 
RF decoupling network at the array ports, is proposed. To verify the theory, a practical 
design of a novel, compact, four-port, dual-polarized aperture-coupled patch array 
with decoupling network is presented and tested. This antenna would be attractive for 
WLAN applications with limited antenna platforms. 
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Chapter 1 
Introduction 
1.1.Future Generation Wireless Communication 
Wireless communication has gained tremendous popularity in the last two 
decades. Started as early as 1980s, the first (1G) and second-generation (2G) wireless 
networks focused on voice, fax and low speed data. The enhanced version of 2G 
systems, such as GPRS, HDR etc, usually referred to as 2.5G systems, can support 
more advanced services like circuit-/packet-switched data up to 100kps. Today, 2G 
and 2.5G systems are still used in most countries. However, with growing demand for 
wideband services (e.g. internet-accessible wireless capability, high-quality 
video/image transmission, etc.) and advances in telephony, semiconductor and 
multimedia technologies, the next generation wireless communication (3G) is 
emerging. The new 3G technologies fall under the generic name IMT-2000, and 
almost all flavours of technologies are based on CDMA. In Europe, the 3G networks 
are known as UMTS and use Wideband CDMA. The ultimate goal is to achieve 
reliable connection in any form, at any time, and without regard to location or 
Chapter 1. Introduction 2
mobility.
The next generation wireless networks face new challenges including: (1) the 
conflict between limited spectral resources and increasing subscribers; (2) the 
presence of multipath, noise, interference and time-variations; (3) the better
low-power performance at hand-held terminals and (4) efficient radio resource 
management to offer high quality of service (QoS). 
To address these problems, a number of different key technologies have been 
used, among which are 
(1) Multi-antenna arrays employing spatial diversity [1-6],
(2) Multi-user detection with a bank of optimal (matched)/suboptimal filters [7,
8],
(3) Channel error control coding, for example, Turbo coding/decoding [9], 
(4) Eliminating unnecessary interference through power control [10-15], 
(5) High QoS with admission control [16, 17], 
(6) Multiple access techniques, e.g. CDMA, EDGE [18], 
(7) Efficient frequency utilization and low ISI over multipath fading through the 
use of OFDM (Orthogonal Frequency Division Multiplexing) [19-22] 
In this thesis, the author hopes to contribute to the improvements in design and 
optimization of compact antenna array systems for future research on wireless
communication. Global issues such as QoS are certainly of importance, but are
considered beyond the scope here. 
Multi-antenna technology may be viewed as an extension of the so-called smart
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antenna [23], a popular technology for improving wireless communication dating 
back to 1950s. While conventional smart antennas improve the quality of one single 
data stream, recent multi-antenna technology, known as Multi-Input Multi-Output
(MIMO), goes much further on performance improvements, in that a MIMO system 
offers multiple independent transmission channels, which leads to a channel capacity
that increases linearly with the number of antenna elements. As illustrated in Figure
1.1, MIMO is defined as a link for which the transmitting end and the receiving end
are equipped with multiple antenna elements. Here, N antenna elements are used at 
the transmitter and M antenna elements at the receiver.
In such systems, space-time processing techniques are employed so that spatial 
dimension from multiple antennas is combined with time dimension (the dimension
given by transmitted signals) for an improved Bit Error Rate (BER) and data rate. The 
first successful simulation of this concept was presented in the late 1980s [24]. In the 
Figure 1.1 Global scheme of MIMO structure 
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mid-1990s, analytical results from Telatar [25] and Foschini et al. [3, 26] attracted 
large attention. Ever since then, the interest in MIMO systems has exploded. 
Space-time (ST) codes that come reasonably close to the capacity limit [25] have been 
proposed in the literature [27, 28], and commercial products based on such ideas are 
currently under development [29]. The standard for third-generation cellular phones 
(3GPP³) foresees the use of a simple ST code [30] with two transmit antennas [31]. In 
such context, recent research has focused on finding improved codes [32], 
reduced-complexity codes [33], and the use of OFDM in MIMO systems [34]. 
In this thesis, the terms “multi-element antennas” and “multi-port antennas” are 
interchangeable and both refer to the case where antenna arrays are used at both ends 
of a communication link. The reason for this equivalence is shown in Section 1.2. In 
addition, it is important to mention that we consider MIMO systems with 
multi-channel capability not only in angular diversity, but in polarization diversity as 
well.
1.2.Contributions of this Thesis 
As discussed in the previous section, the MIMO system has already evolved into 
one of the most popular topics among wireless communication researchers and 
undoubtedly occupies a position on the current “hottest wireless technology” list. 
However, research on MIMO systems is still at an early stage, and requires 
further exploration. One problem arising in its practical application is that the size and 
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number of antenna elements are limited by the fixed volume of mounting devices, e.g. 
a PC-Card.  
We assume a MIMO system with M antenna elements (ports) at the transmitting 
end and N at the receiving end. According to [25], the capacity increases linearly with 
the minimum of M and N, if the entries of the channel transfer matrix, which describes 
the attenuation between any transmit and any receive antenna, are assumed to be 
identical, statistically independent (i.i.d.) Gaussian random variables. Conventionally, 
half-wavelength or larger element spacing is chosen to meet such requirements. 
However, in case of mobile stations (PDA, smart phone, laptop, etc.), the linear size D
of the available antenna platform is often not larger than a wavelength and in some 
cases, even smaller than Ȝ/2. Consequently, with half-wavelength spacing, the number 
of elements is typically limited to n=1 up to n=3. In order to increase the number of 
degrees of freedom (NDF), additional elements have to be inserted between the 
conventionally spaced elements, leading to “dense arrays” with element spacing 
significantly smaller than Ȝ/2. This in turn raises the question whether the signals 
which correspond to the different antenna ports possess sufficiently different or 
uncorrelated responses to randomly varying multipath interference. 
Following the theory put forward by Chaloupka [58-62], this thesis aims to 
contribute to a better understanding of properties and limits of dense arrays. We use 
the concept of “multi-port antenna” throughout this thesis, because considering 
antenna elements as independent ones is no longer justified in such a dense array. 
Instead, a systematic approach, which treats the whole array as one antenna with 
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mutually coupled ports, is more suitable. Two important figures of merit for 
multi-port antennas are used, namely, the correlation coefficient between different 
port patterns and the gain reduction factor. A general model for multi-port antennas 
with mutually coupled elements is introduced [60]. 
To address the problem of signal correlation within dense arrays, we also study 
the possibility of using polarization diversity. It is evident that the dual polarization is 
a promising approach to achieve uncorrelated signals, and therefore, require a smaller 
space, compared with traditionally used space diversity. However, in a dense array, 
the gain reduction arising from mutual coupling between radiating elements still 
impairs the successful utilization of polarization diversity within a compact MIMO 
system. 
After studying the characteristics of dense arrays, we will present a novel 
approach which employs an RF decoupling network (DN) at the array ports in order to 
form new ports which are decoupled and associated with mutually orthogonal 
radiation patterns at the frequency of operation. 
To verify the theory, a practical design of a novel compact four-port dual 
polarized aperture-coupled patch antenna with decoupling network is presented and 
tested. Because the antenna is designed with highly packed inter-port spacing, it 
serves as a possible solution to WLAN applications with limited antenna platforms. 
This work has been presented in some international conferences [108, 109]. 
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1.3.Thesis Outline 
This thesis is organized as follows. 
Chapter 2 presents an overview of the parameters of antennas. A general 
introduction to antenna theory and design, as well as to commonly used terms and 
definitions, can be found in numerous books, and is therefore beyond the scope of this 
thesis. However, this chapter addresses some fundamentals and definitions, which are 
of particular relevance to antennas and shed light on how antennas resonate and 
radiate in a highly packed environment. The focus is on the radiation quality, 
impedance bandwidth and the superdirectivity, because these parameters determine 
the RF performance of a MIMO system critically. 
Because the novel antenna array designed in this thesis is based on 
aperture-coupled structure, Chapter 3 describes the basic design issues of this 
structure. The merits and current technologies of aperture-coupled microstrip 
antennas are reviewed first and some of the key advantages are illustrated. We then 
discuss the basic operating principles of the aperture-coupled antenna and the 
extensive development that this antenna has undergone. In the end, a practical design 
of a compact dual polarized aperture-coupled ring patch array is presented.  A single 
element, which serves as the baseline for further improvement within the whole array, 
is designed first. This array designed here will be used in the subsequent chapters to 
verify the performance improving from the DN. 
In Chapter 4, a brief review of related work on characteristics of dense arrays is 
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followed by a modal model from Chaloupka [59-62]. The eigenmodes of the array are 
defined and associated modal impedances and modal radiation patterns are given. A 
further discussion on these properties in Chapter 4 will give us more insight on the 
array system design. Chapter 4 will also address the properties of radiation patterns in 
the presence of strong mutual coupling within dense arrays. It has already been shown 
[35-38] that for certain source scenarios, the correlation between signals from closely 
spaced elements becomes “high” in the case of open antenna ports, which means all 
ports are unloaded (negligible effect of mutual coupling), but decreases and even 
vanishes if the load impedances (and thus, the port patterns) are changed. Therefore, 
with the modal model constructed, we will give a systematic way to analyze the 
underlying theory on pattern correlations. While adjusting different coefficients to 
different ports are normally used to achieve uncorrelated channels, it is shown that, 
the effective antenna gain is degraded with this digital method. Instead, a DN method 
is introduced to counter the effects of both the channel correlation and gain reduction 
simultaneously. 
Chapter 5 presents a novel compact four-port dual-polarized aperture-coupled 
patch antenna with a DN. The prototype of the array is based on the design in Chapter 
3. By means of the decoupling network suggested in Chapter 4, new antenna ports are 
created which are decoupled at the frequency of operation and thus, provide mutually 
orthogonal port patterns. Again, we will use the parameters in Chapter 2 and the 
modal model in Chapter 4 to evaluate the whole system; that is, the compact antenna 
array with the feed network. It is shown that, with a DN, a compact array without port 
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gain reduction and pattern correlation is realized.  





Recent studies have shown that MIMO technology can improve the capacity and 
spectral efficiency of wireless communication systems. In almost all these studies, the 
SNR (Signal to Noise Ratio) is assumed to be independent of the spatial correlation 
properties of the channel matrix H, which contains the channel transfer functions or in 
the flat fading case, the channel coefficients. However, with the emerging trends to 
employ MIMO technologies at mobile terminals, mutual coupling is prominent and 
the assumed constant SNR in many publications [39, 40] no longer holds due to the 
limited space allocated to antenna systems. Therefore, as stated in Chapter 1, 
considering a dense antenna array as a radiating structure with mutually coupled ports 
is more suitable. 
Before exploring dense multi-port antennas, in this section, we will first study 
single port antennas in a compact environment. The discussion focuses on antenna 
bandwidth and radiation quality. Research on super-directive antennas is reviewed in 
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this section.  
Terms defined in this section will serve as insightful criteria for the performance 
of multi-port antennas, or in another words, multi-element antennas.  
2.2.Radiation Quality and Bandwidth 
2.2.1. Historical Background 
It is generally accepted that antennas with dimensions which are small, 
compared to one wavelength, store much more energy, on average, than they radiate 
[41-45]. This large ratio of time-average, non-propagating stored energy to radiated 
power leads to input impedances which are predominantly reactive. This in turn 
allows the antennas to be impedance-matched only over narrow bandwidths [46, 47].  
To understand the fundamental relationship between antenna size and bandwidth, 
the quantity “radiation power factor” was used by Wheeler [42]. He approximated 
electrically-small antennas as either a lumped inductance in series with a 
frequency-dependent radiation resistance (magnetic dipoles) or a lumped capacitance 
in parallel with a frequency-dependent radiation conductance (electric dipoles). He 
defined the radiation power factor as the ratio of resistance to reactance in the series 
equivalent circuit or the ratio of conductance to susceptance in the parallel equivalent 
circuit. Hence, the fractional bandwidth of the equivalent circuit of the antenna, 
combined with an appropriate lossless matching network to form a resonant series or 
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parallel RLC network, is approximately equal to the product of the radiation power 
factor and the frequency at which the antenna is matched. However, as the resistance 
in the series equivalent circuit or the conductance in the parallel equivalent circuit 
does not behave as a lumped circuit element, the relation of bandwidth to radiation 
power factor is only approximate. According to Wheeler’s theory, the fraction
bandwidth of an electrically small antenna is predicted to be 






 ,   (2.1) 
where  and upperf lowerf are the upper and lower edges of the passband, 
respectively, while centerf is the centre frequency which is defined to be the arithmetic
mean of  andupperf lowerf . k is the free space wave number and a is the largest linear
dimension of the smallest sphere enclosing the antenna structure. Over the frequency 
range for which the lumped element approximation is accurate, this definition yields 
accurate predictions of antenna performance. Actually, the theory agrees with more
elaborate theories in the low frequency limit.
In 1948, Chu derived a more quantitative and less approximate theory based on 
an orthogonal spherical wave function expansion [43] and later, Harrington [44] and 
Hansen [45] expanded the theory. It predicts the minimum radiation quality (radiation 
Q) value and hence gives an approximate indication of the maximum operational 
bandwidth of a lossless antenna, which fits inside a sphere of a given radius. Collin
[49] and Fante [50] published an exact theory based on a calculation of the evanescent
energy stored around an antenna. The approximate fundamental lower limit given by
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Chu and Harrington’s theory for the radiation Q of an antenna with a given size had 
become, by the mid-1990s, the most widely cited; it had been included in a review
article [45], at least one antenna theory textbook [51], and a popular antenna design 
handbook [52]. 
Grimes et al. [53-55] reported results which contradict the implications of the
theory of Wheeler, Chu and Harrington. The controversy is mainly on whether or not 
it is possible to obtain a radiation Q lower than Chu’s prediction through using 
combinations of TE and TM modes. Although this finding sheds light on some smart
modification to increase radiation Q, it is beyond our scope here. We will note the fact 
that the minimum attainable radiation Q and the approximate maximum fractional 
bandwidth given by the above-mentioned theory are theoretical limits which, 
according to the theory, can only be approached in practice. What is more, even 
approaching this limit requires an ingenious design that utilizes the space within the
spherical region which encloses the antenna with the smallest possible radius 
efficiently. The Goubau antenna [56] and the “cloverleaf” dipole [57] are two such 
designs.
cd
2.2.2. Radiation Q 
In general, the quality factor Q of a system is defined to be proportional to the 
ratio of the time-average stored energy to power loss [48]. Specifically,





Z .   (2.2) 
Here Z is the radian frequency, W is the sum of the time-average stored
electric energy and the time-average stored magnetic energy, and is the power 
loss.
lP
For an antenna, especially an electrically small antenna, whereas in the far-field
region, electric and magnetic field components are in phase, reactive components
predominate in the space which immediately surrounds the antenna. Energy storage 
in this “reactive near-field region”, defined as the region within the diameter of 
[58], is characterized by the radiation quality factor , which relates the
maximum value of the time-varying reactive field energy W(t) to the radiated










Z .                                (2.3) 
Actually, the radiation Q for small antennas is not obviously defined, because,
in general, such antennas are not self-resonant. To study the radiation quality of 
antennas, the definition and impact of the reactive field energy is considered first. 
An appropriate introduction to the term “reactive field energy” can be given by 
considering the radiation of a narrowband RF pulse with carrier frequency
SZ 200  f  and time duration t' [58]. The time-dependent power possesses 
oscillations with frequency around the slowly time-varying mean value02 f rad ( )p t .
The lower part of Figure 2.1 schematically depicts this time-varying radiated power.
The radiated energy is represented by the area under the curveradW rad ( )p t . The 
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upper part of Figure 2.1 illustrates the corresponding time-varying power in ( )p t
which is fed into the antenna port. In the time interval t ( 0 0tt  ), power flows into 
the antenna port, so that a total energy , as shown in Figure 2.1, is fed into the 
antenna. After time , power flows back to the generator, so that the totally





radW W W   .                                  (2.4) 
With the illustration of Figure 2.1, we can make it clear that W  is the
so-called “reactive energy”; that is, it is temporarily stored in the antenna near field
and subsequently delivered back to the generator.

Assuming a radiated pulse with energy and constant spectral density radW
Figure 2.1 Power of a narrow-band impulse with time
duration and carrier frequency 0f
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'  *  *³ t .            (2.5) 
Here, denotes the input reflection coefficient of the antenna and for the 


























 .                       (2.7) 
Equation (2.7) provides a general estimation for the achievable fractional 
bandwidth of power matching as a function of and the in-band reflection. radQ
2.2.3. Antenna Size and Radiation Q 
To discuss the relationship between antenna dimension and radiation quality,
the radiation of an antenna is represented as a sum of spherical wave functions with 
main modal numbers µ. In the transmit mode, if a time harmonic wave is incident at 
the antenna port, spherical modes with complex valued coefficients are excited. The 
set of coefficients are characteristic for an antenna (or antenna port in multi-port
antennas’ cases), and the radiation properties follow as a superposition of these 
modes [64]. The total radiated power ˈdue to the field orthogonalityˈcan be radP
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written as a sum of contributions ,PP Q from the different spherical modes. 
Furthermore, if all contributions which belong to the same main modal number µ are 






PD  , (2.8)







 ¦ . (2.9)
Within the diameter , the so-defined reactive near field region [58], if the
radiation pattern is composed of only one spherical modal function with main modal
number
cd






holds, and the radiation Q is estimated via [64] to be 








/ //§ · § ·|  ¨ ¸ ¨ ¸© ¹ © ¹

.             (2.11)
Here, d describes the largest linear dimension of the smallest sphere enclosing
the antenna structure. Therefore, is the size-reduction factor. Equation (2.11)
clearly indicates that increases sharply if (due to a limited platform volume or 
due to required stealthiness) the antenna is chosen smaller than . The steepness 
of this increase grows dramatically with the order ȁ of the pattern. Antennas with a 




1/  and are called electrically small if
. In this case, increases with the third power of the size-reduction factor,
so that, e.g., an electrically small dipole of size 
cd dd radQ
00.03d O  possesses .rad 1000Q !
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Antennas with a more complex radiation pattern require a significant
contribution from higher spherical modes. In this case, the radiation Q can be 
estimated by weighting the Q values of the individual spherical modes with the 
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In a conventional antenna of diameter d, the contribution to the radiation
pattern of all modes with c /d 0P S O! /  can be neglected, so that the radiation Q
is small. If modes with c /d 0P S O/ t ! /  contribute significantly to the radiation
pattern, the antenna is called “superdirective”. Here the mode with the highest modal
number dominates in Equation (2.12) for the quality Q, so that Equation (2.11)
with taken to be the highest significant modal number (“pattern order”) can be 
used as an estimate. Superdirectivity can be employed to achieve (in comparison to a 
conventional antenna of the same size) a higher maximum directivity 
or a higher number of radiation nulls. However, a limit for the 




max 2D | /  /
2.3.Superdirective Antenna Arrays 
2.3.1. Overview of Superdirective Arrays
An antenna is termed superdirective if its directivity is higher than that of the
same antenna configuration with uniform excitation (constant amplitude and linear 
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phase) [45]. It is well known that antenna arrays formed by a finite number of active 
elements can exhibit superdirective properties [65]. The phenomenon of 
superdirectivity has attracted the attention of many authors [66] since it appears to 
be promising for possible applications in high-gain antenna design.  
Techniques have been devised for the design and realization of efficient 
superdirective array functions by the 1990s [67-69]. By means of the optimized 
polynomial approach, a broadside two-wavelength eleven-element array was 
designed, built and tested, which achieved 25% reduction in the main beamwidth 
without degradation to the side lobe level [69]. The work was extended to the 
endfire array case [70], and similar improvements in the array characteristics were 
achieved. Superdirective array functions can be generated and optimized, with 
constraints imposed on some critical parameters such as radiation efficiency, current 
ratio and etc.  
However, despite a considerable amount of effort invested in these systems, 
they have been found to be difficult to realize in practice, because they are extremely 
sensitive to small changes in both the phase and amplitude distributions of the 
source and this sensitivity increases with the increasing of the directivity. 
Consequently, a highly precise control of these quantities is needed, which is always 
a stumbling block to achieving superdirectivity. Therefore, superdirective array 
antennas have been a largely theoretical subject for more than half a century. 
Later, passive elements have been employed in antenna arrays to circumvent 
the difficulties associated with the excitation problem [71]. The passive 
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superdirective antennas are characterized by a high level of stored electromagnetic
energy in the vicinity of the antenna elements, implying that the phenomenon is also 
associated with the excitation of high Q resonances in the superdirective antenna
systems.
Up to now, high Q factor and extremely low structural tolerances are still two
issues impairing the practical usage of the superdirective property within a dense 
antenna array. In addition, it is known that superdirective antennas have low input
resistances ( kR , , n: number of antenna elements in an array) and that 1, 2,...k  n kR
of one or more elements is negative [72]. Moreover, the ohmic loss is increased
because of the low kR and a simple antenna structure is required to reduce the 
ohmic loss of the antenna parts. 
2.3.2. Superdirective Multi-Port Antennas of Low Order 
All antennas perform by means of the complex-valued radiation pattern and 
angular weighting (“spatial filtering”) of the electromagnetic radiation with respect 
to amplitude and phase. The “steepness” of the angular changes of the radiation
pattern can be characterized by the pattern order ȁ introduced in Section 2.2.3. The
pattern order determines the required size of the antenna relative to the wavelength 
in free space. If a certain pattern order is realized with a size which is smaller than 
the conventional size according to Equation (2.10), the so-called superdirective 
property is obtained. 
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In this thesis, the case is considered for which multiple simultaneous radiation
patterns are required. The following system applications may serve as examples of 
the need for multiple radiation-pattern arrays:
A) For direction finding, the incident electromagnetic waves must be received 
simultaneously via different radiation patterns. Comparison of the different
signals received via different radiation patterns allows the directions(s) of 
incidence to be determined.
B) Another application is for antennas that allow the adaptive rejection of 
disturbances based on their angular distribution of incidence. This 
approach is known as “adaptive nulling”. 
For adaptive forming of the radiation pattern, an array is needed which 
provides multiple (M) output ports with different linearly-independent radiation 
patterns. The output signals from these ports can be subjected to various forms of 
analog and digital signal processing. In particular, by means of a linear combination
of these signals, an arbitrarily high number of different radiation patterns with 
1M  degrees of freedom can be formed.
Since the maximally-realizable number of ports M equals the number of
antenna elements (or 2M if dual polarizations per element are utilized), the element
spacing a should be chosen as small as possible to obtain the highest number of 
degrees of freedom for a given overall size d of the platform (shown in Figure 2.2). 
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With M antenna elements (M>1), an 1M  dimensional set of radiation 
patterns can be formed. For element spacing equal to or smaller than half a
wavelength, a highest pattern order of
max 3 0.75 1.5M/ |                   (2.13) 
Figure 2.2 A superdirective array (right) vs. a conventional array (left) 
belongs to a planar two-dimensional array with M elements [60]. 
For a conventional array, an element spacing of 0 / 2a O| is used, leading to
an array diameter of 0 /convd O S| / . If element spacing is chosen smaller than
0 / 2O and hence , the radiation quality factor for the highest pattern order
increases rapidly. Therefore, for a required frequency bandwidth, one sets a limit for 
the size reduction .
convd d
( )convd d
For a given bandwidth (VSWR=2) and single-section (one-pole) matching, the 
maximum size reduction is approximated to be [58], 
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From Equation (2.14), it is evident that for a fractional bandwidth of 1%, an 
overall size reduction between 0.38 0O and 0.71 0O can be achieved, for ȁ between 2 
and infinity; for a bandwidth of 0.1%, the corresponding values are between 0.49 0O
and 1.1 0O . Hence, the important conclusion is that in all practical cases, the
replacement of a conventional array by a superdirective array will be restricted to a 
size reduction of roughly 0 / 2O . Consequently, a significant size reduction by a 
factor of about 2 is made possible only if the initial conventional array has a 
diameter of about one wavelength, corresponding to 7M  . The element spacing a
can then be reduced from 0 / 2O  to about 0 / 4O , and the linear element size, from 
about 0 / 3O  to 0 / 6O . Hence, at a platform area that conventionally would allow 
for only two degrees of freedom per polarization, six degrees of freedom become
possible. For direction finding applications, a 2 2u  planar array (M=4) can be
placed on a platform which conventionally encompasses only one element.
2.4.Summary
In this chapter, antenna fundamentals related to the topic of this thesis have 
been introduced. 
The radiation quality factor and bandwidth have been addressed. After a brief
introduction of historical development in radiation Q definition, the currently used 
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definition has been given and the corresponding reactive field energy has been 
elucidated. A general estimation for the achievable fractional bandwidth of power
matching as a function of and the in-band reflection has also been given. The
relationship between antenna size and radiation Q was discussed, where the 
radiation Q is related to the size reduction factor . The concept of 
superdirective array is introduced. 
radQ
c /d d
At the end of this chapter, an overview of superdirective antenna arrays has 
been given and such arrays with low radiation pattern order have been studied. 
Finally, it was concluded that, in all practical cases, the replacement of a 
conventional array by a superdirective array is restricted to a size reduction of 




This chapter is about the aperture-coupled patch antenna/array design and a 
practical example is presented, which will be used in the next chapters for further 
performance improving.  
The first part of this chapter presents the fundamentals of aperture-coupled patch 
antennas. It begins with some features and developments of this type of antennas, 
followed by a list of some basic operating principles and some extensive design 
variations that these antennas have undergone. 
The second part of this chapter focuses on the practical antenna design with these 
design principles and variations. The aim is to design an aperture-coupled antenna 
array to be studied and improved in subsequent chapters. The array consists of four 
patches. To realize it in a compact context, the four elements are placed quite close 
to each other. Moreover, to further save space, dual polarization is employed, 
because, theoretically, even if elements with orthogonal polarizations are located at 
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the same position, the different polarizations will still guarantee uncorrelated 
channels. A single aperture-coupled antenna is designed first. This is used as 
individual elements in the array for further modification. However, while traditional 
design procedure of aperture-coupled patch antennas may serve as a guide, the 
radiation frequency, resistance, and patterns of the entire array deviate, due to the 
strong mutual coupling. Therefore, the array design follows the traditional method 
first and then, commercial software IE3D 9.0 is used for optimization. 
3.2.Aperture-Coupled Antenna Fundamentals 
3.2.1. Features and Developments 
Aperture-coupled microstrip antennas have the following attractive features:  
1. Flexible impedance bandwidths ranging from 5% to 50%; 
2. Independent selection of antenna and feed substrate properties; 
3. Two-layer construction shields radiating aperture from the feed network; 
4. Increased substrate space allocated for antenna elements and feed lines; 
5. Easy integration for active arrays; 
6. Many possible design variations in patch shape, aperture shapes, feed line 
types, radomes, and etc.; 
7. Possible extension to aperture-coupled microstrip line couplers, waveguide 
transitions, dielectric resonators, etc. 
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Some of these features are explored in details in the following subsections. 
3.2.1.1.Wideband Aperture-Coupled Patch Antennas 
Patch antennas with different feed structures are shown in Table 3.1. 
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Aperture-coupled patch antennas can provide substantially improved 
impedance bandwidth compared to other patch antennas. While single layer 
probe-/microstrip line-feed elements are typically limited to bandwidths of 2%-5%, 
aperture-coupled elements have been demonstrated with bandwidths up to 10%-15% 
with a single layer [80-82], and up to 30%-50% with a stacked patch configuration 
[83-86]. The impedance bandwidth can be tuned by the additional degrees of 
freedom offered by the stub length and coupling aperture size. The length of the 
tuning stub in the feed line can be adjusted to offset the excess reactance in 
impedance that generally occurs when thick antenna substrates are used, and the slot 
can be brought close to resonance to achieve a double tuning effect. Furthermore, a 
stacked patch configuration can also provide a double tuning effect. 
3.2.1.2.Dual/Circular Polarization 
Dual polarization capability can be obtained by using two orthogonal feeds. 
The possibility to employ dual polarization with aperture-coupled patch antennas 
was first demonstrated by Adrian and Schaubert [87], with two orthogonal 
non-overlapping slots used to feed a square patch element. Dual linear polarization 
with 18 dB isolation was achieved, and circular polarization was demonstrated using 
an off-board 90° hybrid coupler. Due to the slots’ asymmetry, the coupling level was 
limited, and so were the isolation and polarization purity. Later, Tsao et. al [88] 
suggested another approach, in which a crossed slot was used to feed the patch. 
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Isolation of 27dB was achieved, with a good bandwidth. However, that design 
requires a crossover in the balanced feed lines that feed each arm of the crossed slot. 
Targonski and Pozar [82] solved this problem, with a different arrangement of feed 
lines with the crossed slot. This element led to a 3 dB axial ratio bandwidth of up to 
50% and a comparable impedance bandwidth. Another possibility was demonstrated 
in [89], in which a crossed slot feed with two feed lines on distinct substrate layers 
was used. Circularly polarized aperture-coupled elements can also be designed with 
a single diagonal coupling slot and a slightly non-square patch [90], similar to 
circularly polarized patches with a single probe feed, but the resulting axial ratio 
bandwidth is very narrow. After changing the coupling slot to a crossed slot with a 
single microstrip feed line through the diagonal of the cross, the axial ratio 
bandwidth was somewhat improved [91]. 
3.2.1.3.Aperture-Coupled Patch Antenna Arrays 
With either series or corporate feed networks, aperture-coupled elements lend 
themselves well to array applications. The two side structure accommodates 
complicated feed network layouts, especially for dual-polarized or dual frequency 
arrays. Moreover, the ground plane can serve as a very effective shield between the 
radiating patch and the feed network. One drawback is that the coupling apertures 
will radiate a small amount of power in the back direction. However, in practice, a 
ground plane located some distance below the feed layer may be employed to 
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eliminate this radiation. Some references reported the use of corporate-fed
aperture-coupled array antennas [77, 80, and 89]. One example of series-fed 
aperture-coupled arrays was reported in [92]. 
3.2.1.4.Monolithic Arrays 
One of the first monolithically integrated antennas was the 40 GHz module 
reported by Ohmine et. al [93]. They integrated an aperture-coupled antenna element
with a three-stage RF amplifier and a mixer. In 1994, Texas Instruments reported a 
4u4 Ka-band sub-array, a fully integrated phased array [94]. This array used circular
aperture-coupled patch elements, with 16 4-bit MMIC phase shifter and 16 100mW
MMIC power amplifiers. The design demonstrated a beam scanning up to 45° and 
an ERP of 77 Watt at 30 GHz. 
3.2.2. Analytical Methods
3.2.2.1.Modeling Methods 
The moment method and the cavity model are two commonly used modelling
methods for aperture-coupled patch antenna. 
Analysis of the aperture-coupled patch antenna is complicated by the presence 
of two dielectric layers, and the microstrip line-slot transition. In fact, the slot feed is 
generally easier to model in a rigorous manner than a probe or line-fed element,
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because the patch current near the feed point is less singular. The first reported 
aperture-coupled patch antenna only used a simplified cavity model. Later, Sullivan 
and Schaubert [95] developed a full-wave moment method solution for it. An 
alternative way of treating the microstrip to slot transition was introduced by Pozar 
[96], in which the reciprocity theorem was used and thus, the brute-force modelling 
of the microstrip feed line and stub became redundant. This approach has been 
utilized extensively for treating the feed by others. The moment method technique 
has also been applied to mutual coupling between aperture-coupled elements [97], 
and to infinite arrays of aperture-coupled elements [98]. 
Moment method analysis techniques are rigorous, highly accurate and versatile 
enough to handle important practical variations such as stacked patches, patches 
with radome layers and patches fed with stripline, but at the expense of relatively 
long computer run times. Cavity models are less accurate, but require negligible 
computer resources. Two examples of cavity models for aperture-coupled patch 
antennas are given in [99] and [100]. 
3.2.2.2.CAD
Computer aided design (CAD) software makes the design work easier. 
Currently, there are various commercially available CAD software packages for 
microstrip antennas. 
 In the design work here, IE3D 9.0, an MoM based software package was used 
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to verify and optimize the antenna elements.
3.2.3. Basic Operation
Figure 3.1 shows the geometry of the basic aperture-coupled patch antenna. The
radiating microstrip patch element is etched on the top of the antenna substrate, and
the microstrip feed line is etched on the bottom of the feed substrate. Therefore, 
independent optimization of the electrical functions of radiation and circuitry may be 
realized by choosing proper thickness and dielectric constants of the two substrates. 
While the original design used a circular coupling aperture, it was found that the use 
of a rectangular slot could improve the coupling for a given aperture area, due to its 
increased magnetic polarizability. Most aperture-coupled microstrip antennas now 
use rectangular slots, or variations thereof. 
Figure 3.1 Geometry of the basic aperture-coupled microstrip antenna
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The aperture-coupled microstrip antenna involves over a dozen material and 
dimensional parameters, and the basic trends with variation of these parameters are 
given as follows: 
1. Antenna substrate dielectric constant 
The dielectric constant in the antenna substrate primarily affects the 
bandwidth and radiation efficiency of the antenna, with lower permittivity 
giving wider impedance bandwidth and reduced surface wave excitation. 
2. Antenna substrate thickness 
Antenna substrate thickness affects bandwidth and coupling level. The 
thicker the substrate is, the wider the bandwidth and the less the coupling 
for a given aperture size. 
3. Microstrip patch length 
The length of the patch radiator determines the resonant frequency of 
the antenna. 
4. Microstrip patch width 
The patch width affects the resonant resistance of the antenna, with a 
wider patch giving a lower resistance in a parallel resonant circuit model. 
Hence, wider patches possess a lower radiation quality factor. Square 
patches may result in a high cross polarization level, and thus should be 
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avoided unless dual or circular polarization is required. 
5. Feed substrate dielectric constant 
The dielectric constant in feed substrate should be selected for good 
microstrip circuit qualities, typically in the range of 2 to 10. 
6. Feed substrate thickness 
Thinner microstrip substrates result in less spurious radiation from 
feed lines, but higher loss. Therefore, a compromise of 0.01Ȝ to 0.02Ȝ is 
usually adapted. 
7. Slot length 
The length of the slot primarily determines the coupling level, as well 
as the back-radiation level. The slot should therefore be made no larger than 
what is required for impedance matching. 
8. Slot width 
The width of the slot also affects the coupling level, but to a much 
lesser degree than the slot length. The ratio of slot length to width is 
typically 1/10. 
9. Feed line width 
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Besides controlling the characteristic impedance of the feed line, the 
width of the feed line also has an influence on the coupling to the slot. To a 
certain degree, thinner feed lines couple more strongly to the slot. 
10. Feed line position relative to slot 
For maximum coupling, the feed line should be positioned at right 
angles to the centre of the slot. Skewing the feed line from the slot will 
reduce the coupling, as will positioning the feed line towards the edge of 
the slot. 
11. Position of the patch relative to the slot 
For maximum coupling, the patch should be centred over the slot. 
Moving the patch relative to the slot in the H-plane direction has little effect, 
while moving the patch relative to the slot in the E-plane (resonant) 
direction will decrease the coupling level. 
12. Length of tuning stub 
The tuning stub is used to tune the excess reactance of the slot coupled 
antenna. Usually the stub is slightly shorter than a quarter wavelength in the 
material. Shortening the stub will move the impedance locus towards the 
capacitive direction on the Smith Chart. 
Chapter 3. Aperture-Coupled Antennas 36
Figure 3.2 shows a typical radiation pattern plot for an aperture-coupled patch 
antenna. The above-ground radiation originates from the patch antenna, while the 
below-ground radiation is due to the coupling slot and feed lines. As suggested before,
carefully choosing the feed substrate thickness, slot length and etc may result in a 
tolerable back-radiation level. 
Figure 3.3 shows a typical Smith Chart plot of the impedance locus versus 
frequency for an aperture-coupled patch antenna. By increasing the slot length, the 
diameter of the circular portion of the locus can be increased, while by tuning the stub 
length, the entire locus can be rotated in the inductive or capacitive direction. Thus, 
optimum matching can be reached by properly adjusting the slot length and the stub
length.
Figure 3.2 Principal plane patterns 
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Figure 3.3 Smith Chart plot of impedance locus vs. frequency 
3.2.4. Design Variations
Since the prototype aperture-coupled microstrip antenna was first published, a 
large amount of design variations have been put forward to achieve better 
performance. The multi-layer structure gives a lot of such freedom in design. Some of 
these modifications are shown as below: 
1. Patch shape 
The use of circular patches, stacked patches, parasitically coupled 
patches, patches with loading slots, and radiating elements consisting of 
multiple thin printed dipoles have been reported and demonstrated
successful application, mainly in improving the bandwidth. 
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2. Slot shape 
The strength of coupling between the feed line and patch strongly 
depends on the shape of the coupling aperture. Normally, thin rectangular 
coupling slots are used in aperture-coupled patch antennas, since these give 
better coupling than round apertures. Moreover, some modification, such as 
slots with enlarged ends, the so-called “dog-bone”, bow-tie or H-shaped 
apertures are sometimes used to further improve coupling. 
3. Feed structure 
The feed line does not necessarily have to be microstrip line. Other 
planar lines, such as stripline, coplanar waveguide, dielectric waveguide 
and etc. have also been used. However, these lines may lead to a reduced 
coupling level. In addition, it is possible to invert the arrangement of layers; 
that is, inserting an additional dielectric layer so that the feed line is 
between the ground plane and the patch element. 
4. Polarization 
For some specific applications, it has been demonstrated that dual 
polarization and circular polarization can be obtained with aperture-coupled 
elements. 
5. Dielectric layers 
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For a microstrip antenna structure, it is easy to add a radome layer.
This holds for aperture-coupled antennas, either directly over the radiation 
element, or spaced over the element. It is also possible to realize the whole 
aperture-coupled antenna structure with multiple layers, such as foam with 
thin dielectric skins for the etched conductors. 
3.3.Antenna Design 
In this section, an aperture-coupled patch antenna array is designed. 
Figure 3.4 gives the geometry of all three layers. 
Layer 1 contains the feed lines for the four elements and Layer 2 has the four
slots coupling the input signals from the feed line to radiating elements. The 
Layer 1: feed line 
Layer 2: slot 
Layer 3: patch array 
Layer 3 
Layer 2 Layer 1 
Figure 3.4 Geometry of the design 
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substrate between layer 1 and 2 is RO4003, with the thickness of 0.508 mm (0.02") 
and a permittivity of 3.38. 
The aperture-coupled patch antenna array on Layer 3 consists of four quarter 
ring patches with co-centre. The shape of these four elements is chosen as a ring,
because such a structure will excite two orthogonal patterns with dual polarization in
a low area and therefore, achieve more independent channels with a given space. 
The substrate is RT/Duroid 5870, with the thickness of 3.175 mm (0.125") and a 
permittivity of 2.33. 
The centre frequency cf is at 2.45 GHz. 
In the next subsection, a single aperture-coupled ring patch antenna is designed 
to provide a basis for further optimization.
3.3.1. Single Aperture-Coupled Ring Patch Design 
The first step is to choose a suitable substrate for the antenna part. Possible
candidates include various substrates of different thickness and claddings. However,
in our design, the radiation bandwidth and efficiency are the first priority, and 
therefore, a relatively thick substrate with low relative permittivity is preferred. The
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Since this skin depth is much smaller than the thickness of the conducting 
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layers, the surface resistance model can be employed to estimate the conductor
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so that a surface resistance of 13 mȍ results for 2.45 GHz. By means of a 
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with h as the substrate height and 0Z as the free space wave impedance.
Since the unloaded quality factor for dielectric losses is on the order of 
1/ tanG (field partially in air), the conductor losses become negligible in 
comparison to the dielectric losses. As to the dielectric loss, a loss tangent of less 
than 0.005 is required. Since the surface roughness is not vital at the chosen
frequency range, a weight of 1 oz. (35 mP ) electrodeposited copper is chosen. 
Given all these above considerations, RT/Duroid 5870 is chosen. It is a 
high-quality substrate composed of uniformly dispersed glass micro-fibre in a PTFE 
matrix, manufactured by Rogers Corporation. It provides a microscopically
controlled, uniform relative permittivity of 2.33 0.02r and a loss tangent of 0.0012. 
In order to increase the bandwidth and reduce dielectric losses, the largest thickness
available is chosen, that is, 3.175 mm thick. The surface wave loss is also negligible,
because the cut-off frequency for higher-order surface wave modes is far above 2.45
GHz.
The second step is to choose the substrate for the feed network part. The main
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criteria for this layer are the back radiation suppression and loss. A thinner layer 
results in less spurious radiation from the feed line. Hence, it is better to have a thin 
substrate. However, with a thinner substrate, loss increases. Therefore, a trade off
between these two is required.
Furthermore, for a good microstrip circuit quality, a dielectric constant in the 
range of 2 to 10 is preferred. 
With these considerations, the low cost RO4003 ( 3.38rH  ), a glass-reinforced
hydrocarbon/ceramic thermoset laminate manufactured by Rogers, is used. The 
thickness is chosen as 0.508 mm and the loss tangent is 0.0021. 
Since the aperture-coupled patch antennas can be regarded as patch antennas 
fed by apertures, the traditional formulae for patch antennas [106] are used first to 
obtain an initial dimension.
Figure 3.5 shows the structure of a rectangular patch antenna. 
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so that the effective dielectric constant of the microstrip patch antenna with 
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The initial value of L can be obtained from
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Therefore, we can now modify the length L with L' , given by 
eff
eff
( 0.300)( / 0.263)
0.412 1.63 mm
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,         (3.7) 
such that 
eff 2 36.8 mmL L L  '  .              (3.8) 
Further iteration with the above steps will provide minor improvements and 
with thin substrates, this model possesses the accuracy in predicting resonant 
frequency better than 2%. Thus, the initial simulation is based on this dimension
without further iteration. 
On the other hand, as the length L determines the resonant frequency while the 
width W determines the radiating resistance, the former parameter is more important
to the design. The value W can be made smaller to obtain size reduction, as long as 
the power/noise matching is realized at the feed point. For the sake of simplicity on 
Figure 3.5 Dimension of a patch antenna 
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matching, W is therefore chosen so that the resonant resistance is about  at the
feed point, thus making it easy to perform impedance matching.
50 ȍ
Figure 3.6 gives the geometry of the ring patch. 
We start our initial design with parameters as follows:
 The median radius is chosen as 23.16 mmR  (so that, the length of the 
patch is around the initial value 36.8 mmL  );
Overview of all layers Layer 3: feed line 
Layer 2: aperture Layer 1: patch 
Figure 3.6 Single aperture-coupled ring patch 
 The width of the ring is set to 18.65 mm, as a initial guess;
 The length of the aperture is chosen as 15 mm; 
 The width of the aperture is chosen as 1.5 mm, in accordance with a slot 
width to length ratio of 1/10; 
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 The width of the feed line is set to 1.2 mm;
 The length of the feed line is set to 16 mm;
 The length of the tuning stub is set to 12 mm, i.e. slightly shorter than
/ 4gO .
Figure 3.7 gives of this design on the Smith Chart. 11S
Instead of calculating at Port 1, the reference plane is placed at the point
where the feed line couples the maximum power to the aperture, shown in the
lower-right part of Figure 3.6. Thus, the mismatch effect from the aperture to the 
microstrip line is reduced and so that we can directly tune the parameters of the 
antenna to obtain a input impedance at the reference plane.
11S
50 ȍ
Once an input impedance at the reference plane of has been obtained, we50 ȍ
Figure 3.7 on the Smith Chart of the initial design11S
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can use LineGauge, a microstrip tool embedded in IE3D, to synthesize a microstrip
line on the RO4003 substrate with the characteristic impedance of and use it as 
the feed line on Layer 1. 
50 ȍ
However, due to the coupling between the microstrip line and the patch antenna, 
the characteristic impedance of the microstrip deviates from the predicted value and 
further fine tuning is needed. 
Figure 3.8 shows the results after these tunings, and the dimensions are given 
as:
 the median radius R is set to 22.5 mm; 
 the width of the ring is set as 18.06 mm;
 the length of the aperture is chosen as 15 mm;
Figure 3.8 on the Smith Chart after the optimization11S
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 the width of the aperture is chosen as 1 mm
 the width of the feed line is set to 0.7 mm; 
 the length of the feed line is set to 5.5 mm;
 the length of the tuning stub is set to 4.5 mm.
As four identical elements will be placed closely together in subsequent steps,
the strong mutual coupling will affect the performance of the single element, and 
therefore, the fine-tuning at this stage to achieve an accurate matching is redundant. 
We will use this design as the initial starting point for the elements of the array.
3.3.2. Four-Element Aperture-Coupled Ring Patch Array
The single aperture-coupled ring patch designed in the proceeding subsections 
will be used as the elements of the array. Due to the strong coupling, fine-tuning is
performed to improve the performance.
In Figure 3.9, a four-element aperture-coupled ring patch array is shown. The
gap between neighbouring elements is 2 mm. 
Figure 3.10 shows the frequency response of on Smith Chart. From this
figure, it is obvious that the small spacing causes severe performance degradation. 
11S
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Figure 3.9 Four-element aperture-coupled ring patch array 
Figure 3.10 on the Smith Chart of the four-element array: initial design11S
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For the sake of size reduction, we will keep the gap as small as 2 mm in the 
following tuning steps. 
The tuning is largely focused on the feed line. As strong mutual coupling leads 
to more stored energy in the near field, and thus, a larger reactance value, a change 
of the length of the open stub to cancel this effect is expected. The width of the feed 
line will also be increased, since the input impedance of each element becomes
smaller due to the increase in near field energy stored. After tuning, we have the 
width of feed-line as 0.9 mm and the length of the tuning stub as 9.5 mm. 
Figure 3.11 gives the frequency response of on Smith Chart for the 
optimized design. 
11S
Figure 3.11 on the Smith Chart of the four-element array: optimized design 11S
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Apart from the reflection coefficient , the transmission coefficients
and are also of great interest, as they represent the cross-talk between different




Figure 3.12 shows the scattering parameters of the optimized design. It is clear
from the figure that, while optimization leads to a good reflection coefficient, some
input power is actually coupled to other ports instead of being radiated. 
. It will be shown in Chapter 4 that a decoupling network can address this 
problem to yield simultaneous decoupling and matching.
Figure 3.12 S Parameters of the optimized array 
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3.4.Summary
In this chapter, the features and current technology of aperture-coupled patch 
antennas were first reviewed. The basic operating principles were listed in terms of 
both practical design features and modelling techniques. These design variations and 
their effects were utilized in a practical array design. The aim is to design an 
aperture-coupled antenna array of four elements to be studied and improved in 
subsequent chapters. The four elements are placed quite close to each other and dual 
polarization is employed to obtain uncorrelated channels. A single aperture-coupled 
antenna is designed first. This is used as individual elements in the array for further 
modification. However, it is shown that, while traditional design procedure of 
aperture-coupled patch antennas may serve as a guide, the radiation frequency, 
resistance, and patterns of the entire array deviate, due to the strong mutual coupling. 
Therefore, the array design follows the traditional method first and then, commercial 
software IE3D 9.0 is used for optimization.
Chapter 4 
Dense Multi-Port Antennas  
4.1.Introduction 
In this chapter, multi-port antennas will be studied under the special case in that 
those ports/elements are placed much closer than conventional antenna arrays, which 
normally have the inter-element spacing of at least half wavelength in free space. 
An important electromagnetic characteristic of such a dense multi-port antenna 
is the mutual coupling between its elements. The effects of mutual coupling on the 
performance of a dense array will be studied. Two key issues, namely, pattern 
correlation and gain reduction, are discussed.  
In this chapter, an analytic model presented for a dense antenna is given first. 
This model takes into account the mutual coupling between the array elements and 
involves the normalized impedance matrix of the array elements. Then, this chapter 
follows the procedures presented in [58-62] to study the effects of mutual coupling 
within dense antenna arrays. A modal representation is employed first to provide the 
mechanism in terms of pattern correlation, arising from far field coupling, and gain 
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reduction due to near field cross-talk. It is shown that, for strong mutual coupling 
under small inter-element spacing, the pattern correlation between co-polar elements 
becomes high. It is also demonstrated that, irrespective of polarizations, mutual 
coupling generally leads to large gain reduction. Moreover, the traditional digital 
beam forming will be discussed. 
After exploring the properties of dense multi-port antennas, we will conclude 
this chapter by proposing a decouple network (DN), which decouples the 
strongly-correlated ports. The degradation due to losses within the antenna and DN 
structure will also be studied. 
4.2.General Model for Dense Arrays 
The basic diagram of a MIMO system is shown in Figure 4.1.  
The output signal from each element is multiplied by a complex weight, and then 
these signals are summed to produce the array output S(t). The weights are 
automatically adjusted to optimize some desired criteria, e.g. SINR, with a selected 
algorithm. To study the behaviour of a dense array, we must know the element/port 
output voltages. Therefore, we will first introduce the expression given by Gupta and 
Ksienski [73]. These port output voltages will be used as the input signals to the 
processor. The required expression can be obtained by considering the N-element 
array as an (N+1)-terminal linear, bilateral network responding to an outside source as 
shown in Figure 4.2 
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As shown in Figure 4.2, each port of the N-element array is terminated in a
known load impedance LkZ ( 1, 2, ,k N " ). For the sake of simplicity, we consider
the case L1 L2 L LNZ Z Z    " Z here. The far field radiation is symbolized as a
driving source with open circuit voltage gV and internal impedance gZ . With these 
notations, the Kirchoff relation for the (N+1)-terminal networks is given as below: 
1 1 11 2 12 1 g 1S
2 1 21 2 22 2 g 2S




N N N N NN N
V I Z I Z I Z I Z
V I Z I Z I Z I Z
V I Z I Z I Z I Z
    
    





   (4.1) 
where non-vanishing ( , 1, 2, , )ij jiZ Z i j N  " represents the mutual
impedance between the ports (array elements) i and j. Here ( 1,2, , )kSZ k N "  is the
mutual impedance between port (array element) k and the hypothesized port at the 
Figure 4.1 The basic diagram of MIMO systems
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driving source and it shows the “coupling to free space”. 
Furthermore, making use of the relationship between terminal current and load
impedance, we have 
L






   " N . (4.2)
If all the elements in the array are in an open circuit condition then 
0, 1, 2,jI j  "N
Sj
,                (4.3) 
and from Equation (4.1), we have 
O gj jV V I Z  .                  (4.4) 
Substituting (4.2) and (4.4) into (4.1), we obtain 
Figure 4.2 Equivalent (N+1)-port network of antenna arrays 
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,                 (4.7) 
so that we have a compact expression
0 O Z V V .                          (4.8) 
In Equation (4.8), is the normalized impedance matrix and  represents
the open circuit voltages at the antenna terminals. Because  is non-singular, the




0 O O( / )NN NN LZ
  V Z V I Z V .                         (4.9) 
Here,  is an  identity matrix and  represents the symmetric
impedance matrix. Because is a complex valued matrix, we have 
NNI N Nu NNZ
N Nu NNZ
NN NN NNj Z R X ,                   (4.10) 
where is the resistance matrix, while is the reactance matrix.NNR NNX
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N
4.3.Modal Representation
An appropriate way for discussing the specific properties of dense arrays is 
based on an eigensolution representation. Since matrix  and  are real
symmetric matrices, their eigenvalues are real and the corresponding eigenvectors are
mutually orthogonal. Furthermore, for a large class of antenna configurations which 
possess certain symmetry properties, the eigenvectors of  and  coincide. If
this is not the case, eigenvectors of  and can be forced to agree with each 
other by adding some reactive loading to the antenna ports, as demonstrated in the 
following sections. In the considerations here, common eigenvectors of  and







NN NN N NN  Z U z U ,                        (4.11)
where
1 2[ , , , ]N diag z z z z "                             (4.12) 
is composed of the N “modal impedances” and the unitary matrix
( , , , )NN N 1 2U u u u"              (4.13) 
is composed of the N orthonormal eigenvectors of . Here, “T” stands for 
transposition.
NNZ
Substituting Equation (4.11) into (4.9) gives 
1( / )TNN NN N L NN OZ
 U V I z U VT .                       (4.14) 
Equation (4.14) is in the same form as Equation (4.9). Therefore, by means of 
this eigensolution, the array with mutually coupled ports is modelled by an equivalent 
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,                   (4.15) 
as modal open voltages and modal output voltages, respectively. They have the 












The modal model provides a deep insight into the characteristic properties of
multi-port antenna with reduced element spacing. It allows us to draw a basic 
conclusion about how increased mutual coupling impacts the properties of a dense 
multi-port antenna. For ease of discussion, we assume that dissipative losses can be 
neglected in the next sections. 
4.4.Properties of Dense Multi-Port Antennas
4.4.1. Pattern Correlation and Gain Reduction 
The properties of an arbitrary N-element array with N ports terminated by the 
complex-valued load impedance LZ can be characterized by relating the port 
voltages to the electric field vectornV incE
K
of a plane wave impinging the array 
from a variable direction of arrival, or DOA, ( ,4 ) ):
inc( , )n nV kC E 4 ) 
K K
.                            (4.17) 
Here, we denote coefficient k as 











 ,                            (4.18) 
where 0O  and 0Z denote free space wavelength and wave impedance,
respectively. With the particular choice of k in Equation (4.18), the power delivered 
to the load at port n becomes
2
2
inc,cp| ( , ) |
4





                        (4.19) 
with as the incident co-polar radiation density.inc,cpS
nC
K
represents the complex-valued vector radiation pattern associated with port
n, or the port pattern. The square of their magnitude equals the angular dependent 
antenna gain, if we define the gain to include power reduction due to mismatch and 
crosstalk between the ports. What is important here is that the port pattern differs
from element pattern of a dense array, given the strong mutual coupling between 
different elements.
In the discussion of the properties of dense multi-port antennas, two aspects are
of major interest, namely, the pattern correlation and the gain reduction. 
The pattern correlation between different ports can be represented by utilizing 
an inner product defined as 







K ,               (4.20) 
where denotes the element of solid angle. :d
Therefore,  correlation matrix gives the entire set of correlation 
coefficient among N port patterns. In the ideal case (that is, no cross talk, no power 
mismatching at each port and no dissipative losses), matrix simplifies into a
N Nu K
K
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unity matrix.
Accordingly, the gain reduction can be quantified as the gain reduction factor 
given by: 
j jjKK  .                                  (4.21) 
Here, jK is in the range of [0, 1] and characterizes the deviations from the 
ideal case for the port patterns. 
To discount the impact from gain reduction, the normalized cross-correlation 







N  .                                (4.22) 
This describes the similarity between different port patterns, in regards to the
angular dependence of amplitude, phase and polarization. 
The definition of port patterns of a multi-port antenna from Equation (4.17), the 
gain reduction factors from Equation (4.21) and the normalized cross-correlation 
from Equation (4.22) provide an appropriate formal framework to discuss the impact
of mutual coupling on the antenna properties. 
In the following subsection, the eigenmode model is used to further discuss the 
properties of dense multi-port antennas.
4.4.2. Antenna Properties by means of Eigenmode Models 
As shown in the sections above, each N-port antenna possesses N mutually 
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orthogonal modal patterns, even if the element spacing is reduced to values much
smaller than Ȝ/2. Therefore, the modal representation will be further explored in this 
subsection to discuss the properties of dense multi-port antennas.
4.4.2.1.Pattern Correlation and Gain Reduction 
Figure 4.3 depicts the modal model for an N-port antenna in the receive mode, 
in which the antenna is represented by a set of N uncoupled antennas. 
Mode m ( ) is defined to correspond to the excitation of the 
multi-port antenna which is obtained by setting all modal voltages equal to zero
except for voltage . This leads to the specific set of driving voltages given by: 
1, 2, , Nm  "
mv
Figure 4.3 Mode model for multi-port antenna
Chapter 4. Dense Multi-Port Antennas                                                                    62
(0,0, , , ,0)Tm NN mV v U " " .                         (4.23) 
The corresponding modal pattern is denoted by ( , )mc 4 )
K
and normalized to 
.|| || 1mc  
K
As we assume no dissipative losses in the antenna structure, the principle of 
energy conservation enforces the so-defined eigen-radiation patterns to be mutually
orthogonal [35, 60]. Thus, we have 
,m n mnc c G 
K K
,                                     (4.24) 
where mnG denotes the Kronecker delta function. 
As in Equation (4.17) and (4.18), the modal source voltage and modal output 
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.                            (4.26) 
Here, we define the complex valued mismatch factor for mode m as 
L
L







,                            (4.27) 
with , so that, the power delivered via the m-th eigen-radiation 
pattern to the load is given by 
20 | | 1md / d
2
,avail| |m m mp p / .                    (4.28) 
Moreover, with the definition of mismatch factors m/ , the radiation pattern for 
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port n can be represented as a linear combination of the mutually orthogonal eigen 
radiation patterns of the array: 
1
( , ) ( , )
N




4 )  / 4 )¦C
K K
.            (4.29) 
The expansion coefficients are given by the product of the elements  of the
unitary matrix and the mismatch factors
nmu
NNU m/ . Whereas depends on the 
array structure, are functions of the load impedance. Therefore, for arrays with 
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v .               (4.30) 
This gain reduction factor includes the effect of non-vanishing cross-talk 









 ¦ 1,                       (4.31) 
port ,nK approaches unity if all mismatch factors are equal to one. 
Similarly, we have 
2 *
1
























         (4.32) 
If all mismatch factors approach unity (i.e. perfect matching to all modes), the 
N port radiation patterns would be uncorrelated, due to the orthonormality of the 
rows of matrix .NNU
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Equations (4.28) through (4.32) turn out to be the key for understanding the 
impact of mutual coupling on the properties of a dense multi-port antenna. With
increasing mutual coupling, the deviation between the modal impedances increases. 
Since the modal impedances are different from each other, while the load 
impedances are equal, simultaneous matching of all modes is not possible. Therefore, 
the non-unity mismatching factors m/ lead to the port gain reduction and inter-port
cross correlation. 
4.4.2.2.Superdirectivity




| ( , ) / |
| ( , ) |
S





K ,              (4.33) 
angular selectivity can be assigned to each of the N modal patterns of a dense
multi-port antenna. Any radiation pattern possesses one DOA, where the magnitude
becomes the maximum, that is, the main beam direction. Conventional arrays are 
characterized by the fact that for this direction, the contributions from all elements
are constructively superimposed. For those conventional arrays, the product of the
angular selectivity and the reciprocal of the normalized array size, 1( / )D O  , is
limited according to 
ang /S DO Sd .                (4.34) 
If an array with Ȝ/2 spacing is implemented on a platform of size D, condition
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(4.30) is met up to the highest order of radiation pattern mode. However, if 
additional elements are squeezed into the same space, additional modes of higher
order and thus of higher angular selectivity are gained. These modes are 
characterized by the fact that, even in main beam direction, partially destructive 
interference occurs between the contributions of the array elements. These highest 
order modes of a dense array exceed the limit posed by Equation (4.30), and are 
referred to as “superdirective”. Superdirective array modes typically exhibit 180°
phase changes between the closely spaced radiation elements.
A radiation quality factor , which relates the reactive field energy  in
the near field to the radiated power via Equation (2.2), can also be assigned to 












Z .                 (4.35) 
The values of the radiation quality factors increase sharply with the modal 
order and with reduced spacing. For those superdirective modes, the stored energy
becomes much higher than the energymW rad /P Z radiated per time period. 
If one models approximately the frequency dependence of the modal impedance
of the highest order modes of a dense array by means of a series resonance circuit, the 
characteristic impedance
c 0 rad radZ L Q RZ               (4.36) 
becomes much higher than the radiation resistance. 
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4.5.DBF in Dense Multi-Port Antennas
The digital beam forming (DBF) can be represented via a linear combination of 










4 )  4 )¦C
K K
,                    (4.37) 
where
1 2( , , , )
T
Nw w w w " ,                           (4.38) 
denotes the modal weights. 
As shown from Equation (4.29), the modal output signals are weighted in an 
unwanted manner by the mismatch factors m/ . This unwanted weighting can be 
numerically compensated for in DBF by using the modified modal weights: 
*/m mw kw / m
NU d w
.                               (4.39) 
Here, k is an arbitrarily-defined constant. 
This type of compensation can be considered as “compensation for the effects
of mutual coupling” in digital processing and has already been discussed in a variety 
of references [73, 101-104]. 
The port weights, which are more accessible to signal processing part, can be 
obtained via: 
1 2( , , , )
T









d " .                        (4.41) 
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The constant k can be determined if 
1H  W W                                       (4.42) 























.                      (4.43) 
DBFK gives the effective gain reduction of a dense multi-port antenna.
Maximum gain reduction occurs if the highest weight is allocated to the 
modal pattern m with the strongest mismatch, or the lowest 
| |mw
| |m/ .
In case of receiver systems, the modal voltages due to a strongly mismatched
mode are typically much weaker than the modal voltages corresponding to 
well-matched modes. DBF is able to “numerically amplify” the modal voltages by 
employing a higher weight. However, this changes the effective load for each mode
and therefore, makes the noise matching impossible [60]. 
In case of the transmitter systems, a higher weight can also be used to 
compensate for the strong reflection due to mode mismatching. The cost is that the 
delivered power will be increased by a factor of DBF1/K in order to end up with the 
same radiated power density in the far field. 
Except for these results obtained from the mode model, this method also sheds 
light on how we can proceed to address the pattern correlation and gain reduction 
simultaneously within dense multi-port arrays. Note that, from Equation (4.43), we 
can find that if all array modes are matched to the load at the same time, while the 
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radiation pattern remains the same in terms of amplitude, phase and polarization on 
the DOA, the absolute value of the amplitude for all DOA increases by a factor of 
DBF1/ K .
In the next section, a general theory about the decoupling network (DN) will be 
introduced.
4.6.DN for Dense Multi-Port Antennas
Due to the strong mutual coupling within dense multi-port antennas, if all 
modes are terminated with the same load LZ , non-correlated radiation patterns can 
only be achieved at the cost of a reduced effective antenna gain, which, therefore, 
requires a higher transmitted power in transmitting systems or degrades the 
signal-to-noise ratio (SNR) in receiving systems.
The obvious solution to this problem is to use an RF network to transform the
N parallel load impedances LZ into a set of different impedances, which will match
the different modal impedances, respectively.
Figure 4.4 gives a general idea of such a decoupling network. The left shows a
dense multi-port antenna with decoupling network, and the right shows the effective
circuits for different modes. These effective circuits differ for each mode, so that 
different modal impedances are all, at the load point, converted into the same, which
achieve the power or noise matching, depending on the application. 
To avoid energy consumption, the decoupling network should be a lossless 
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L
2N-port network with N-input and N-output ports. It transforms the N modal
impedance with impedance matrix into a new modal impedance matrix , so 
that it is the conjugate of the load impedance matrix
N
z Nz
L L Ldiag[ , , , ]
N
Z Z Z Z "	
 . That 
is,
* *
L L Ldiag[ , , , ]N
N
LZ Z Z  z Z "	
 .                      (4.44) 
In the previous sections, it was assumed that the array impedance matrix
can be transformed into a diagonal matrix by means of a unitary matrix .
This requires the eigenvectors of  and to coincide. For a class of antenna
structures where certain symmetry conditions are met, this statement holds, but it is 
not always so. In a more general case, the following procedure can be applied to 





 which can be represented by Equation (4.11):
Figure 4.4 Dense multi-port antennas with DN 
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1) Via 1NN NN NN Nj
  Y Z G B N , the real and symmetric conductance matrix
is determined and diagonalized as 
T
NN NN N  G U g U N .             (4.45) 
2) If the eigenvectors of do not agree with the eigenvectors of , a
shunt network composed of susceptances is connected between
antenna ports, so that the new susceptance matrix
NNG NNB
shuntB
shuntNN NN B B B   (4.46) 
has the same eigenvectors as .NNG
3) The new impedance matrix
1( ) TNN NN NN NNj
    Z G B U z U   NN                  (4.47) 
has the properties which were assumed throughout the previous sections. 
4) The shunt network can be merged with a shunt network from the
decoupling and matching network. 
shuntB
There are different realizations for a DN. If a ladder type is chosen, the 
synthesis can be, in a straightforward manner, derived from conventional 2-port 
network synthesis. The fundamental theory in the DN realization is that, while series 
reactances are common to all two-ports, shunt susceptances  are
different for each mode. Therefore, different modal impedance matching
seriesjx shunt,mjb
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simultaneously is made possible. 
A possible topology of the DN for a two-port antenna is given in Figure 4.5. Ports 
1 and 2 are antenna ports, and 1c  and 2c are the newly formed ports from the
decoupling network. More detailed design procedure for an antenna with more ports, 
and thus, more complicated DN structure, is given in the next chapter.
In the simplest case, i.e. with a minimum number of sections, the decoupling 
condition is enforced at the centre frequency only. With additional sections, the 
decoupling frequency bandwidth can be increased. However, the radiation quality 
factor of the array elements imposes an upper limit onto the available fractional
bandwidth, with respect to power matching. Thus, with an increase in the decoupling 
radQ
Figure 4.5 DN for a two-port antenna 
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network sections , a saturation effect with the bandwidth improvement will occur.
For frequency bandwidth defined via VSWR=2, the fractional bandwidth is estimated












.                     (4.48) 
From Equation (4.48), it is found that, with s s1, 3n n  or with a “very high” 
number of sections, a bandwidth improvement factor of about 2.3, 3.2 or 3.8, 
respectively, is observed. 
In addition, from Equation (4.48), one finds that the required fractional
bandwidth determines the maximum acceptable . If, e.g. a bandwidth of about
1% is required, the maximum acceptable radiation quality factor becomes about 65.
With the same but one additional section in the DN, a fractional bandwidth of
about 2.3% becomes possible. 
radQ
radQ
4.7.Dissipative Losses in Dense Multi-Port Arrays
The general theory, as discussed up to now, is based on the assumption of 
negligible dissipative losses in the array and DN structure. This assumption requires 







Z ,                   (4.49) 
with as the totally dissipated power in the structure and as the total
stored reactive field energy, is much larger than the radiation quality factor  of 
dissP totalW
radQ
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,                (4.50) 
is reduced. Equation (4.50) provides the second limitation for the application of 
dense multi-port antennas with superdirective modal patterns. The radiation quality
factor, and therefore the maximum number of array elements put into a size-fixed
platform, is limited by dissipation. However, for antenna structures with an unloaded 
quality factor of more than about 200, the limitation posed by Equation (4.48) is 
predominant if a fractional bandwidth of more than about 1% is required [62].
4.8.Summary
In this chapter, dense multi-port arrays were studied. A variety of publications 
assume that the capacity will increase linearly with the addition of more antenna
elements into an array. However, these additional elements do not necessarily bring
additional uncorrelated channels, due to strong mutual coupling. One approach to 
obtain uncorrelated channels is to adjust the different coefficients to the input signals 
at the digital signal processing part. This digital processing approach does not 
consider the power or noise matching. To address this problem, the modal model
was used to study the underlying theory. These modes effectively project the 
channels onto a multi-orthogonal coordinate system. Due to the orthogonality, the 
modes are linearly independent, which simplifies the exploration process. The
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decoupling network method is suggested to rotate the channels onto orthogonal 
coordinates, and thus, achieve uncoupled ports. While a general theory about the DN 
is given here, the practical design for such a DN is given in the next chapter.  
All these discussions are based on the ideal case of no dissipative loss. 
Although it deviates from the reality, the results give an upper limit on performance 
achievable from a dense array. At the end of this chapter, the effect from dissipative 
loss was also studied to make the conclusions more practical.  
The theory will be used in the next chapter, which focuses on the practical 




While we have already discussed the general theory of the DN, we have not yet 
given any physical structure for such a DN. In this chapter, a practical design is 
discussed to verify the modal model. The design is based on the aperture-coupled 
patch antenna array reported in Chapter 3. The three-layer structure makes it 
possible to separate the antenna design and decoupling/matching network realization 
on two semi-isolated layers.  
The first section of this chapter deals with the decoupling network design. The 
most important issue is its topology. A possible topology is first suggested. However, 
since the whole array is on a compact platform, it is not easy to add many elements 
to the feed structure. The feed line is therefore tuned to achieve a zero at the centre 
of the DN, thus negating the need for a central connection.  
In the second part of this chapter, the realization of the DN is studied. Because 
the DN is actually a series of Z- and Y-matrix, when the whole array is fed in 
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different modes, and the spacing between different elements is already fixed from
the former designs, the focus here is on how to realize such Z- and Y-matrix with 
microstrip lines of fixed length, and therefore, make it suitable for planar structures. 
5.2.DN Design 
In this section, a DN will be added onto the previously designed array. It is 
shown that, with the DN, ports are uncoupled from each other.
Before we start with the DN design, we will first recall some conclusions from 
Chapter 4. 
In Chapter 4, we use a modal representation to represent the array in terms of
different eigenmodes. For a four-element array possessing the symmetry as the
design discussed above, its admittance matrix can be represented as 
11 12 13 12
12 11 12 13
4,4
13 12 11 12
12 13 12 11
Y Y Y Y
Y Y Y Y
Y Y Y Y







Y .                         (5.1) 
This can be diagonalized as 
4,4 4,4 4 4,4
T  Y U y U ,                               (5.2) 
where
4,4
1 1 1 1
1 1 1 1
0.5
1 1 1 1
1 1 1 1
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U ,                       (5.3) 
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y .                         (5.4)
Here, ( ) represents the i-th eigenvalues, given by iy 1, 2, 3 or 4i  
1 11 12 1
2 3 11 13
4 11 12 1
2
2
y Y Y Y
y y Y Y
y Y Y Y
  ­
°   ®
°   ¯
.                         (5.5)
In addition, if the impedance matrix is of concern, we can follow the same
procedure as above. These two approaches are related via 
1
4,4 4,4 4 4,4
T  Z U y U .                        (5.6)
The corresponding scattering parameters are defined as 
4 4,4 4,4 4
T  s U S U ,4
3
3
,                           (5.7)
where is the scattering parameter matrix of the four port array, and 4,4S
4 1 2 3 4[ , , , ]
Ts s s s s                                (5.8)
consists of the scattering parameters of the four independent modes. From 
Equation (5.3) and (5.7), we have 
1 11 12 13 14 11 12 1
2 3 11 12 13 14 11 13
4 11 12 13 14 11 12 1
2
2
s S S S S S S S
s s S S S S S S
s S S S S S S S
      
      
      
.                 (5.9)
They show how much of the incident power is reflected by each mode. (Note 
that, due to the symmetry, 12 14S S .)
With this modal scattering parameter definition, we will first consider the
designed aperture-coupled ring patch array without the DN. Figure 5.1 shows the 
details.
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It is obvious from the figure that, for a conventional array design without the 
DN, the high mode is not matched, which means that, even though reflected power 
at the input can be made quite low, the incident power actually goes back to the 
circuit through other ports, because of the mutual coupling. 
In the next sections, the DN design will be discussed and the modal scattering
parameters will be checked again to verify the effective functioning of the DN.
Figure 5.1 Modal scattering parameters without DN 
5.2.1. Topology
From the modal scattering parameters' definition, it is clear that the DN should
force the transmission coefficients, namely,  and , to vanish at the working12S 13S
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frequency range. As they are frequency-dependent complex-values, a curve-fitting
circuit network is needed for a wideband DN. However, at this stage, a
one-frequency DN is enough to verify the design theory. Therefore, at least a total of 
four degrees of freedom in the DN design are required to achieve this goal, which
means four kinds of two-port networks should be realized to yield the required 
scattering parameters at the frequency point. Since the simplest and lossless network 
can be realized by a single capacitor or inductor, we will use capacitors or inductors
to represent the desired networks in the following design. 
The DN, as a series of Z- or Y-matrix, can be realized by a variety of topologies. 
Figure 5.2 gives one possible structure and we will use this topology in the 
following discussion. 
Figure 5.2 DN topology 
Chapter 5. Practical Design 80
In this figure, four kinds of two-port networks are represented by four types of 
reactive elements, namely, p1 p2, ,jB jB jBm  and 0jB . The entire structure will be fed 
through the newly formed ports (1 , 2 , 3c c c and 4c ) instead of the original ports 1, 2, 3, 
and 4.
Before we continue on how to decide the values of these reactive elements, we 
will first prove one lemma, which will be useful for the later designs.
5.2.2. Realization
5.2.2.1.Lemma
As shown in Figure 5.3, with a fixed reactive element 0jB , for a set of circuits
which have a constant resistance at the A-A' reference plane (that is, the real part of 
y' is equal to a constant value C), the conductance G and susceptance B of the 
admittance y should lie on a circle centred at ( 20 / 2 , 0B C B ) with a radius 
2
0 / 2B C
in the ( ) plane.,G B
Proof:







G j B B





( ) [ (
( )
G jB jB G j B B
G B B
0 )]   
 
.                (5.10)
Equating the real and imaginary part at the left and right side of (5.10), 
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Therefore, we have 
2 2
2 20





    20 )B
)
.                   (5.12)
Equation (5.12) shows that G and B in on the circle centred at 20 0( / 2 ,B C B
with a radius of 20 / 2B C , illustrated in Figure 5.4. 
Therefore, the lemma is proved and will be used in the next subsection for the
design of the DN. 
Figure 5.3 A general circuit for the lemma
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Figure 5.4 The circle defined by Eqn. (5.12) on GB-plane
5.2.2.2.Four Port DN Design 
From the topology depicted in Figure 5.2, equivalent circuits for the three 
different modes differ from each other and will be studied in turn here. 
Figure 5.5, 5.6 and 5.7 illustrate the derivation of equivalent circuits for Mode 
1, 2, 3 and 4 with the DN, respectively. The sub-figure (a) gives the mode voltage 
applied to excite the corresponding mode, while sub-figure (b) illustrates the 
equivalent circuit and sub-figure (c) shows the simplified equivalent circuit derived 
accordingly from the equivalent circuit.
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(a) Mode 1 of the antenna array with DN 
(b) Intermediate equivalent circuit for mode 1 
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(c) Equivalent circuit for mode 1 
Figure 5.5 Effective circuit for mode 1 with DN 
(a) Mode 2 and 3 of the antenna array with DN 
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(b) Intermediate equivalent circuit for mode 2 and 3 
(c) Equivalent circuit for mode 2 and 3 
Figure 5.6 Effective circuit for mode 2 and 3 with DN 
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(a) Mode 4 of the antenna array with DN 
(b) Intermediate equivalent circuit for mode 4 
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As the parallel elements p2 m(2 )j B B and p2 m(4 )j B B can only change the 
imaginary part of , ,1ycc 2ycc 3ycc  and 4ycc , the real part should be equal to each other 
to make simultaneous matching of the four modes possible. Therefore, the
conclusion from the lemma in Section 5.3.2.1 can be used that, ,  and 
should be on one circle, which intersects the B-axis at point 
1yc 2 3( )y yc c
4yc 0(0, )B .
Now, the problem is to find the circle centred at defined and with 
radius m, where 








.                               (5.14)
Rewriting the admittance parameters of the array as 
(c) Equivalent circuit for mode 4 
Figure 5.7 Effective circuit for mode 3 with DN 
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and modal admittance parameters as
1 1 1
2 3 2 2 p
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where
1 11 12 1
2 3 11 13
4 11 12 1
1 11 12 13
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,                    (5.18)
which lead to 
2 2 2
1 1 1 1
2 2 2 2
2 2 2 p 2 p 2 p
2 2 2 2
4 4 4 p 4 p 4 p
2 2 0
2 2 2 2
2 4 4 2 4
g mg b n nb
g mg b B n b B b n B n
g mg b B n b B b n B n
     
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        
.        (5.19)
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0
.                       (5.20)
Substituting (5.20) into (5.19), we have 
2 2
1 1 2 2 1 2 2
2 2
1 1 2 2 1 4 2
2 2
4 4 4
ax x x x bx b x c
dx x x x ex b x f
      
      
,                (5.21)
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while coefficients are defined as 
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From Equation (5.11), we have 
2 2 2
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where , ,  and 1bcc 2bcc 3bcc 4bcc are defined as 
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.                               (5.26)
Now that , ,  and 1ycc 2ycc 3ycc 4ycc have the same real part, we only need to 
equate their imaginary parts for matching. That is, 
1 2b b bcc cc cc  4 .                                (5.27)
Thus, we obtain the results that
2 2 2 2 2 2
2 0 2 0 2 0 4 0 4 0 4 0
p2 2 2 2 2
2 2 0 4 4 0
2 2 2 2 2 2 2 2
1 0 1 0 1 0 4 0 4 0 4 0 2 0 2 0 2 0
m 2 2 2 2 2
1 1 0 4 4 0 2 2 0
1
2 ( ) ( )
2
( ) ( ) ( )
g B b B b B g B b B b B
B
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From the Equation (5.24) and (5.28), we have obtained all the values of 
elements for the DN. 
For the array designed and optimized in the previous sections, at the centre 







1 10 2.598 10
9.397 10 1.161 10
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.                    (5.29)
Following the formulae above, we can obtain the DN-network’s element values 

























.                              (5.30)
Figure 5.8 and 5.9 shows the port scattering parameters and modal scattering 
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parameters of the array with the DN, respectively. The DN is realized by a set of
ideal lump reactive elements, i.e., capacitors or inductors. 
Figure 5.8 Port scattering parameters of the array with DN 
Figure 5.9 Modal scattering parameters of the array with DN
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While the general theory on the DN design has been discussed, a problem still 
remains. The general topology requires four kinds of elements, which is complicated.
Therefore, we need some simplification to omit one element.
One method used here is to tune the length of the feed line  (see Figure
3.6), so that a zero will appear for the value of 
feedL
mB .
It is found that, when the length of the feed line feed 7.25 mmL  , with a tuning
stub length , vanishes as desired and the values of other 
elements are given as:



















.                     (5.31)
The corresponding port scattering matrix and modal scattering matrix are 
shown in Figure 5.10 and 5.11.
These values will be used in the design to realize a DN without the element
mjB in centre. 
After the entire array with DN is designed, single stub matching at each port is
used to match the input impedance to50 : .
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Figure 5.10 Port scattering parameters of the array with non- mjB DN
Figure 5.11 Modal scattering parameters of the array with non- mjB  DN 
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5.3.Network Synthesis 
Since the values of the elements have been determined, now the question
remains as to how they should be realized with microstrip lines. 
5.3.1. Network Realization: Bp1
As given by Equation (5.31), the network of p1B can be represented as a 
capacitor p1BC of 0.5772 pF at the centre frequency of 2.45 GHz. It seems that, for 
the simplest DN, lumped elements can be used directly. However, since the antenna 
ports are located at the fixed positions, a two-port circuit between different ports 
with fixed-length microstrip line have to be used, which precludes the exclusive use 
of lumped elements. Therefore, a microstrip structure with the same admittance
network as p1B at 2.45 GHz should be used instead. 
Figure 5.12 illustrates the even/odd mode of a lumped capacitor.
To realize it with microstrip line, a possible structure is shown in Figure 5.13. It 
comprises of a lumped capacitor in the middle, two inductors realized by two 
shorted microstrip line, and a fixed length microstrip line to cover the distance 
between neighbouring antenna ports. That is, 
1 22( ) distance between portsT T  .                (5.32)
The structure is chosen in this way because, given the even/odd modal
excitation of a lumped capacitor, a parallel inductor is needed to compensate for the 
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shift of its response on the Smith Chart due to the transmission line, and bring the
locus back to open/short circuit end. 
As these two circuits are equivalent, they should possess the same even/odd 
modal response at 2.45 GHz. The even/odd mode of circuit shown in Figure 5.13 is 
given in Figure 5.14. 
Even Mode Odd Mode 
Figure 5.12 Even/odd mode of the capacitor p1BC
Figure 5.13 Equivalent realization of p1jB
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Here, can be realized by a shorted microstrip line. 1L
The values of the circuit can be determined by circuit optimization softwares,
such as Advanced Design System (ADS) by Agilent, as well as from closed-form
expressions.
Even mode excitation Odd mode excitation
Figure 5.14 Even/odd modal excitation of the equivalent circuit 
5.3.2. Network Realization: B0
Due to the limited space allocated to the elements 0jB , they are not
synthesized with the same method used for p1jB . From Equation (5.31), it is 
obvious that 0jB , at the frequency of 2.45 GHz, can be realized by an inductor 
.1.955 nHL  
According to [107], a series inductor can be replaced with a high-impedance
line section. The electrical length of the inductor section should satisfy the




SE                                   (5.33)





ZE  ,                                  (5.34)
where 0Z is the characteristic impedance of the line section. 
5.3.3. Network Realization: Bp2
From Equation (5.31), p2jB can be replaced by an inductor  at 
2.45 GHz. Since 
2.274 nHL  
p2jB is the outmost section of the DN (see Figure 5.5-5.7), its sole 
function is to compensate for the unequal imaginary parts between modal
admittances. It is, therefore, not necessary to synthesize a network with full 
admittance matrix identical to that of the inductor L. The only important parameter
is  (or equivalently, ). In other words, the network should have the same
value of  as L.
21Y 12Y
21Y
The circuit which realizes this network is shown in Figure 5.15. It consists of 
two lengths of microstrip line sections with a lumped capacitor in centre. Similar to 
the case of p1jB , since the distance between different ports are fixed, the total
length of the network should also be fixed, i.e. 
32 distance between portsT  .                   (5.35)
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Due to the series microstrip line used for 0jB , the ports here are different from
the antenna ports. Still, a closed-form analysis can give the exact value of the 
capacitor to be used here, as can some software packages such as ADS.
As shown in the above subsections, a DN with the three types of elements,
p1jB , 0jB , and p2jB has been synthesized. 
In the next section, the results and fabrication will be discussed.
Figure 5.15 Equivalent realization of p2jB
5.4.Results and Discussions 
5.4.1. Numerical Results 
5.4.1.1.Port and Modal Scattering Parameters 
The simulated port and modal scattering parameters have already been given in 
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Figure 5.10 and 5.11. It was shown that at the centre frequency of 2.45 GHz, the
isolation between neighbouring ports (orthogonal polarized) and diagonal ports 
(co-polar) is less than -45 dB. 
The modal scattering parameters also suggest a good matching. At the centre 
frequency of 2.45 GHz, all four modes display a reflection coefficient of less than
-40 dB. If we define the modal impedance bandwidth as 
mode 1,2,3,4 2VSWR d ,                (5.36)
the relative bandwidth for each mode is given as
mode 1











Another merit of the array with the DN is defined as 
2 2 2 2
11 12 13 14| | | | | | | |P S S S S   
2 2
11 12 13| | 2 | | | |S S S  
2                               (5.37)
which illustrates how much power is reflected to the ports. 
Figure 5.16 shows this parameter over the frequency range from 2.4 GHz to 2.5 
GHz. If we define the bandwidth as the range of frequencies for which less than 
10% power is reflected, we have a bandwidth at 26 MHz (from 2.437 GHz to 2.463 




Chapter 5. Practical Design 100
Figure 5.16 Fraction of total reflected power vs. frequency 
5.4.1.2.Port Radiation Patterns 
The port radiation patterns are defined as the patterns obtained when one port is 
fed while all others are terminated in matched loads. We define the centre line of the 
fed element as the X-axis with the array in the XY plane (see Figure 5.17). Since the
entire array consists of four elements with two mutual orthogonal polarizations, and 
the neighbouring elements have a rotation of , two principal planes are of 
interest; that is, the vertical plane passing through the centre line of the fed element
(Figure 5.18a) and the vertical plane perpendicular to this plane (Figure 5.18b), i.e.,
90q
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the XZ-plane and YZ-plane.
The front-to-back ratio is larger than 12 dB with the directivity of 6.87 dBi. It is 
obvious from the figure that, at XZ-plane, ET vanishes and thus, mutual orthogonal
patterns between neighbouring elements are verified. 
Figure 5.17 Coordinate system defined for the array 
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(a) XZ-plane radiation pattern 
(b) YZ-plane radiation pattern 
Figure 5.18 Radiation patterns 
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5.4.2. Measured Results 
To verify the design and theory, an aperture-coupled ring patch array was
fabricated.
5.4.2.1.Fabrication
Figure 5.19 and Figure 5.20 shows photographs of the front and back of the
fabricated antenna. The array was fabricated in accordance with the simulated
structure discussed in Chapter 3. The dimension for the ground plane is
and the outer radius for the ring is .10 cm 10 cmu 6.5 cm
The three layers of the whole structure were etched on two substrates, and these 
were joined with plastic screws, as shown in the photos. 
5.4.2.2.Measurements
The port scattering parameters, shown in Figure 5.21, were measured with 
Agilent 8720 Network Analyzer. As the DN is realized with microstrip lines instead
of lumped elements, the bandwidth is found to be somewhat narrower. In addition, a 
frequency shift is observed. The minima of ,  and were shifted to
around 2.44 GHz. 
11S 12S 13S
The isolation between neighbouring ports ( ) is less than -16 dB at 2.44 GHz, 12S
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while the isolation between diagonal ports ( ) is less than -20 dB.13S
Figure 5.19 Photo of the front of the array 
Figure 5.20 Photo of the back of the array 
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Figure 5.22 shows the measured and calculated port radiation patterns for the
XZ-plane and YZ-plane with the coordinate system as defined in Figure 5.17. 
Figure 5.21 Measured S parameters
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(a) Normalized radiation pattern, EI : XZ-plane
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(b) Normalized radiation pattern, ET : YZ-plane
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Since ET  in XZ-plane is much smaller (lower than -14 dB), its pattern is not 
shown here. The measured radiation patterns agree well with the calculated results in
Section 5.4.1. The maximum gain of each component in the two principal planes is
given in Table 5.1. The differences in gain between the calculated and measured
results may be ascribed to mismatches at the ports and losses due to non-ideal 
materials.
(c) Normalized radiation pattern, EI : YZ-plane
Figure 5.22 Normalized measured pattern vs. calculated pattern
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Calculated Measured Calculated Measured
EI 2.78 2.22 5.69 4.85
ET 4.55 3.88 -17.66 -14.25
5.5.Summary
In this chapter, a DN was designed for the antenna array realized in Chapter 3. 
A topology was first suggested and some tuning was used to omit the element mjB
in the centre. Thus, the DN is made more suitable for a compact environment.
After the proper topology had been obtained, the realization of the network 
with microstrip lines was discussed in the second part of this chapter. The most
important issue in the network synthesis was how to realize the network parameters
with a fixed distance between ports. 
The entire antenna array together with the DN was fabricated and the calculated




In this thesis, dense antenna arrays were studied. We regard dense antenna array 
as multi-port antenna. Due to the strong mutual coupling between the array elements, 
it is not appropriate to consider the array as independent individual radiating 
elements.  
Hence, in this thesis, we use an N-port network to model the array. A modal 
representation was used to represent the array in terms of N mutual orthogonal 
modes. The corresponding modal patterns and modal radiation quality factors were 
also defined in order to study the performance of such an array. 
Reduced element spacing of compact arrays causes the port patterns to become 
strongly correlated. Moreover, due to the cross-talk, antenna gain is also reduced. As 
a consequence of mutual coupling, the port patterns become a function of the load 
admittance. While it is widely believed that the application of weighted digital 
coefficients is able to compensate for the mutual coupling, it was shown that this 
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measure is unable to overcome the problem of gain reduction. 
Here, a feeding network approach, the so-called decoupling network (DN), is 
presented. The DN is a feeding/decoupling network introduced between feeding 
points of the elements and the ports. It produces decoupled ports associated with 
mutually orthogonal port patterns without gain reduction. 
Moreover, dual polarization provides an opportunity to further utilize antenna 
diversity within a compact volume. Thus, a four-element aperture-coupled ring 
patch array with dual polarization was designed and fabricated. The DN was 
mounted onto the feed circuit to remove pattern correlation and gain reduction, thus 
allowing for a more compact array. 
This practical example shows that this DN approach is well suited to be applied 
to mobiles with antenna diversity and MIMO capabilities. 
6.2.Future Research 
MIMO systems have traditionally been regarded as being the domain intended 
for DSP experts rather than RF engineers. However, if one wants to explore the 
possibility of system integration, the RF engineers have a role to play. To realize a 
MIMO system on an electrically small platform, there are at least three aspects of 
future research can be explored in terms of RF technology. 
1. Antenna Design/Optimization for MIMO 
In this thesis, we tune the feed line to omit one element. Actually, some 
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modification on the antenna design may also achieve this. Future research 
may consider ways of finding methods to co-design the antenna array and 
the DN, so that more criteria can be involved into the optimization, e.g., the 
front-to-back ratio. The basic idea is to find a return path for the power 
coupled to other ports. 
2. Wideband Decoupling 
At this stage, we synthesize the DN at the centre frequency. One possibility 
to improve the system performance is to synthesize it over a wider 
frequency range. This would require a curve-fitting approach, or otherwise, 
an equivalent circuit may be found for the dense array. 
3. Circuit/Algorithm Modification 
One hint we get from the modal representation is that if we rather excite the 
modes instead of the ports, we can circumvent the problem of mutual 
coupling, because these modes are mutually orthogonal. Hence, current 
algorithms to tune the digital coefficients at different ports can be modified. 
Another possibility is to realize it in hardware. That is, instead of modifying 
the algorithm, we change the feeding network, so that, the coefficients 
function effectively on the modes.  
There is much deeper future research and studies can be carried out within this 
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field. A more compact antenna array with even higher mutual coupling is a 
possibility based on these results. 
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